2Ј,3Ј-Dideoxynucleoside analogs are a major class of antiretroviral drugs used in the treatment of human immunodeficiency virus (HIV) infections. 3Ј-Azido-3Ј-deoxythymidine (zidovudine [ZDV] ) was the first approved nucleoside analog, followed by 2Ј,3Ј-dideoxyinosine (didanosine [ddI] ), 2Ј,3Ј-dideoxycytidine (zalcitabine), 2Ј,3Ј-didehydro-3Ј-deoxythymidine (stavudine [d4T]), and (Ϫ)-2Ј,3Ј-dideoxy-3Ј-thiacytidine (3TC) (2) . While the parent drugs are not active, these compounds are anabolized in the host cells by multiple kinases to their respective 5Ј-mono-(MP), di-(DP), and triphosphate (TP) derivatives. The triphosphates are competitive inhibitors of HIV reverse transcriptase (RT) and can also be incorporated into the viral genome causing DNA chain termination. Although these nucleoside RT inhibitors (NRTIs) have the same mechanism of action, they differ substantially in anti-HIV activity-cytotoxicity as well as viral resistance pattern (19, 20) .
Anti-HIV therapy was initiated with ZDV monotherapy but now consists of triple-drug combinations including NRTIs, nonnucleoside RT inhibitors, and HIV protease inhibitors. Major clinical trials have demonstrated an enhanced antiviral efficacy with reduced toxicity for appropriate combinations (5) . So far, most clinical pharmacokinetic and drug-drug interaction studies have been performed with data from plasma or serum. While a relationship between plasma pharmacokinetics and antiviral activity and/or toxicity has recently been suggested for non-nucleoside RT inhibitors (9, 12) and HIV protease inhibitors (11, 16) , the only NRTI for which such a correlation has been demonstrated is ddI (7) . A relationship between ddI plasma PK and the suppression of HIV p24 antigen has previously been shown in patients (7) . Since NRTIs require intracellular activation, it has previously been hypothesized that the intracellular level of the active 5Ј-TP metabolite of NRTIs might be a better predictor of virologic effects (8, 25, 28, 30) . This hypothesis has recently been proven by the demonstration that intracellular concentrations of the active 5Ј-TP metabolite of 3TC and d4T, rather than levels of unchanged drugs in plasma, correlated with virologic response in HIV-infected patients (22, 23) . In addition to the triphosphate derivatives, kinetic studies of the other intracellular anabolites should provide a better understanding of the different steps involved in the activation of NRTIs and of the contribution of these intermediate anabolites to antiviral effects and/or toxicity. Recent in vitro data have suggested that accumulation of intracellular ZDV-MP may lead to cytotoxicity associated with ZDV (1, 26) .
Cellular pharmacology of NRTIs has primarily been investigated in vitro in target cells such as peripheral blood mononuclear cells (PBMCs) with radiolabeled drugs. Data from these studies, however, cannot always be reliably extrapolated to situations with HIV-infected patients. Moreover, radiolabeled drugs are not recommended in large-scale clinical trials. Development of novel analytical methodologies capable of measuring intracellular phosphates of nonradioactive NRTIs is therefore a high priority. Analytical methods published so far have focused only on the determination of intracellular nucleotides of ZDV, the first available anti-HIV drug (10, 14, 15, 18, 27) . These methods can be classified into two major categories, enzymatic assay and chromatographic separation followed by enzyme digestion and radioimmunoassay, respectively. The first procedure was based on the inhibition by ZDV-TP of HIV RT activity (14) . This method, although sensitive, was limited to quantitating ZDV-TP. By the second methodology, the separation processes of ZDV-MP, -DP, and -TP were critical and were initially performed by strong anion-exchange high-performance liquid chromatography (HPLC), which was highly selective but time-consuming and hence difficult to apply practically to a large number of samples (18) . The method of separation was recently improved by the use of anion-exchange solid-phase extraction (SPE), a procedure that is preferred for large clinical trials, since multiple samples can be simultaneously processed (15) .
3TC is a novel synthetic 2Ј,3Ј-dideoxynucleoside analog which has demonstrated a potent in vitro antiretroviral activity against both HIV type 1 (HIV-1) and HIV-2 isolates (4, 17), including ZDV-resistant strains (24) , and inhibition of human hepatitis B virus replication (3). 3TC has also been shown to be much less toxic towards human bone marrow cells compared to nucleoside analogs currently used in HIV therapy (21) . In addition, a high selectivity was observed in liver cells, which represent a critical target site for anti-hepatitis drugs (6) . Recent clinical trials evaluating the anti-HIV and anti-hepatitis B virus effects of 3TC have confirmed these in vitro findings, with an excellent safety profile and without major dose-limiting toxicity at doses ranging from 0.5 to 20 mg/kg of body weight per day (13) .
In this study we describe an SPE procedure combined with an HPLC assay with UV detection to measure intracellular 3TC nucleotides, including its MP, DP, TP, and DP-choline derivatives in human PBMCs. Assay performance was evaluated. This method was successfully applied to determine the quantity of 3TC phosphates in PBMCs isolated from an HIVinfected patient receiving an oral administration of the drug in combination with d4T.
MATERIALS AND METHODS
Chemicals. Nonlabeled 3TC and authentic standards of 3TC-5Ј-phosphates (3TC-TP and 3TC-MP) were kindly provided by R. Schinazi (Emory University, Atlanta, Ga.). [methyl-
3 H]3TC (12 Ci/mmol) was purchased from Moravek Biochemicals (Brea, Calif.) and was more than 98% pure as ascertained by the HPLC methods described below. Alkaline phosphatase (3.100 U/mg of protein) and phosphodiesterase I (31.0 U/mg [dry weight]), for enzyme digestion, were purchased from Worthington Biochemical Corporation (Freehold, N.J.). HPLCgrade potassium phosphate monobasic, orthophosphoric acid (85%), and methanol were obtained from Fisher Scientific (Fair Lawn, N.J.). All other chemicals used were of analytical grade.
Cell culture and incubation. Human PBMCs were isolated from whole blood of healthy donors. Briefly, blood was diluted with an equal volume of phosphatebuffered saline (PBS) and laid onto a Ficoll-Histopaque gradient in 50-ml conical tubes. After centrifugation at 500 ϫ g for 30 min, the layer containing PBMCs was carefully recovered and washed three times with PBS. Isolated PBMCs were then suspended in RPMI 1640 medium supplemented with 20% fetal bovine serum, 1% penicillin-streptomycin, and 1% L-glutamine and stimulated 48 h with phytohemagglutinin at a final concentration of 10 g/ml. All cultures were maintained at 37°C under an atmosphere of 5% CO 2 .
After stimulation, cells were resuspended in phytohemagglutinin-free medium at a cytocrit of 2 ϫ 10 6 cells/ml. Isotopic preparations (specific activity, 200 dpm/pmol) of 3TC were added to the culture at final concentrations of 5 and 10 M and incubated 24 h. The final incubation volume was 50 ml. Following incubation, cells were pelleted by centrifugation, rinsed three times with cold PBS, and extracted with 2 ϫ 4 ml of 60% methanol at Ϫ70°C overnight. Cellular debris was then removed by centrifugation at 2,000 ϫ g for 10 min. The resulting supernatant, containing 3TC nucleotides, was collected and stored as 500-l aliquots at Ϫ70°C until analysis. These aliquots were to serve as validation samples.
Prior to analysis, methanol was evaporated under a gentle nitrogen flow, and the volume of the remaining aqueous phase was carefully adjusted to 200 l with deionized water. This phase was then divided into one portion of 180 l and one portion of 20 l. The 20-l portion was counted to assess total radioactivity. The 180-l portion was to be analyzed by anion-exchange HPLC, as described later in this section, to directly quantitate intracellular levels of 3TC derivatives based on the radioactivity of each peak and the specific activity. Usually, five aliquots were processed simultaneously, and the mean levels of 3TC phosphates obtained by this method served as reference values. Typically, based on these reference levels, the volume of the remaining aliquots was adjusted by division or combination so that a range of levels of 3TC phosphates could be covered. These aliquots were subjected to anion-exchange SPE followed by enzyme digestion to hydrolyze 3TC phosphates. Fractions containing 3TC were subsequently quantitated by reverse-phase HPLC with UV detection (HPLC-UV) as previously reported (29) .
PBMCs from an HIV-infected patient treated with 3TC. This methodology was applied to measure levels of 3TC phosphates in an HIV-infected patient enrolled in the ALTIPHAR study (22) . This study was designed to evaluate the pharmacologic mechanisms underlying the differences in virologic response of antiretroviral naïve versus experienced (mainly long-term ZDV therapy) patients to a combination of 3TC and d4T 24 weeks after the initiation of therapy. After giving their written informed consent, 19 patients were enrolled in the study and received the combination therapy at standard doses of 3TC (150 mg twice daily) and d4T (40 mg twice daily). This study was approved by the Institutional Review Board of the Hôpital Pitié-Salpetrière, Paris, France. At least 15 ml of blood was drawn into two Vacutainer CPT cell preparation tubes (Becton Dickinson, Franklin Lakes, N.J.) prior to and at 2, 4, 6, and 10 h after oral administration of 3TC. The tubes were centrifuged at 1,500 ϫ g for 20 min at room temperature. The upper layer, representing plasma and PBMCs, was recovered and centrifuged at 500 ϫ g for 10 min to pellet the cells. Plasma was removed, and 200 l of 60% methanol was added to the PBMCs. The samples were shipped frozen in dry ice to our institution and stored at Ϫ70°C until analyzed.
Anion-exchange SPE. SPE was performed with anion-exchange cartridges (Sep-Pack VAC [100-mg phase]; Waters, Milford, Mass.). Cartridges were preconditioned with 500 l of deionized water. Cell extracts of validation or patients' samples were loaded onto the cartridge and eluted under reduced pressure. The cartridge was then washed twice with water (200 and 500 l). These fractions representing the unchanged nucleoside were combined, and the cartridge was rinsed with 500 l of water and 200 l of 20 mM KCl. The nucleotides of 3TC, including its DP-choline, MP, DP, and TP, were successively resolved with a KCl gradient. Briefly, 3TC-DP-choline was eluted with 300 l of 60 mM KCl, and the cartridge was rinsed with 100 l of the buffer. The 3TC-MP, -DP, and -TP were eluted with 400 l of 100 mM KCl, 500 l of 120 mM KCl, and 500 l of 400 mM KCl, respectively. The cartridge was rinsed with 100 l of the corresponding buffer between each step.
Following SPE, the purity of the unchanged drug and each derivative was checked by anion-exchange HPLC analysis as described below.
Enzyme digestion. The phosphates of 3TC resolved from the SPE step were then subjected to enzyme digestion to free the nucleoside. Fractions containing the phosphates were incubated with alkaline phosphatase (50 U/fraction) at 37°C overnight. Phosphodiesterase (1 U/fraction) was added to the fraction containing 3TC-DP-choline in addition to alkaline phosphatase. Following digestion, acetonitrile (3 volumes) was added to precipitate proteins. Supernatant was recovered after centrifugation and dried under nitrogen. The residue was dissolved in 150 l of water and analyzed by reverse-phase HPLC.
Anion-exchange HPLC with radioactive detection (HPLC-RA). Validation samples were analyzed by HPLC with a model 1090M chromatograph (HewlettPackard Company, Palo Alto, Calif.) equipped with an automatic injector and a diode array detector. Anion-exchange HPLC was performed with a 4.6 ϫ 250 mm Partisil-10-m SAX column (Jones Chromatography, Lakewood, Colo.) with a 65-min linear gradient of potassium phosphate buffer (pH 3.5) from 8 mM to 1 M starting at 10 min. For qualitative analysis such as purity assessment, eluent from the column was directed to a model 525TR Flo-one online radioactivity detector (Packard Instrument Company, Inc., Meriden, Conn.), with a 3:1 flow ratio of scintillation liquid to HPLC buffer. For quantitative determination, eluent from the column was fractionated at 1-min intervals with a RediFrac fraction collector (Pharmacia LKB, Uppsala, Sweden). After the addition of 5 ml of scintillation fluid, the vials were counted with a LS 5000 TA scintillation counter (Beckman Instruments, Inc., Fullerton, Calif.). Intracellular levels of 3TC and its derivatives were calculated based on the radioactivity of each peak and the specific activity. These levels served as references to validate those quantitated by HPLC-UV.
HPLC-UV.
Fractions representing the DP-choline, MP, DP, and TP derivatives of 3TC, obtained after SPE and enzyme digestion, were analyzed by reverse-phase HPLC with the Hewlett-Packard 1090 liquid chromatography system as previously described (29) . Briefly, portions (150 l each) of the reconstituted dry residue were injected. 3TC was isocratically chromatographed on a reversephase C 18 column (Columbus [5-m particle size, 4.6 by 250 mm]; Phenomenex, Inc., Torrance, Calif.) with a mixture of phosphate buffer (43 mM [pH 7.0])-methanol (90/10 [vol/vol]) and monitored at 280 nm. The lower limit of quantitation was 1 ng (amount on column). Standards ranging from 1 to 100 ng (amount on column) were processed in the same way as the samples, including SPE and enzyme digestion. Standard curve parameters were obtained from an unweighted least-squares linear regression analysis of the standard concentrations as a function of peak area. Unknown concentrations were calculated by interpolation with each observed peak area and standard curve parameters. Intra-and interday variation of the assay determined by using the calibration standards was less than 15% (29) .
Data analysis. The data were analyzed by using two statistical tests. First, for each derivative, results obtained from HPLC-RA and HPLC-UV were correlated by using least-squares linear regression analysis. Coefficient of correlation (r 2 ), intercept, and slope were calculated. The unity of the slope and the nullity of the intercept of the regression lines were ascertained by Student's t test. In addition, bias, as defined by the mean percentage of deviation of HPLC-UV from HPLC-RA for each 3TC nucleotide, was calculated. Second, the ratio of the paired levels obtained from the two methods was calculated and compared with unity (the expected value) by using Student's t test.
Intracellular pharmacokinetic analysis. Intracellular pharmacokinetics of the active metabolite of 3TC, 3TC-TP, were characterized by its half-life, average levels over the sampling period (10 h), and the area under the time curve for intracellular levels from 0 to 10 h (AUC 0-10 ). Intracellular half-life of 3TC-TP was estimated by using the slope () of the terminal linear phase as 0.693/, where was obtained by using linear least-squares regression analysis, as implemented with the pharmacokinetic software SIPHAR (Simed, Creteil, France), with 1/x 2 as the weighting factor. Intracellular AUC was calculated according to the trapezoidal rule.
RESULTS AND DISCUSSION
The assay validation strategy included the use of PBMCs from healthy human donors as an in vitro approach to produce intracellular 3TC nucleotides. Concentrations of 5 and 10 M 3TC were physiologically relevant and expected to lead to levels of intracellular formation of 3TC phosphates comparable to those obtained in 3TC-treated patients. The levels of the intracellular derivatives were then measured by anionexchange HPLC-RA and served as references to validate the nonradioactive HPLC assay with UV detection. Figure 1 depicts a typical phosphorylation profile of 3TC in human PBMCs, illustrating the formation of its MP, DP, TP, and DP-choline derivatives. The identity of 3TC-MP and -TP was confirmed by peak retention time of authentic standards and enzyme digestion for the original nucleoside. Since authentic standards for 3TC-DP and DP-choline were not available, the identities of these anabolites were assessed by their retention times relative to those of 3TC-MP and -TP and by enzyme digestion with alkaline phosphatase for the diphosphate and alkaline phosphatase plus phosphodiesterase for the DP-choline derivative. Purity of 3TC nucleotides after anion-exchange SPE. Following SPE, the five fractions representing unchanged 3TC and its MP, DP, TP, and DP-choline derivatives were separately injected onto the anion-exchange HPLC and checked for purity. As shown in Fig. 1 , only a single peak was obtained in each case. This peak was identified as the expected phosphate by comparing peak retention time, indicating that the SPE procedure led to the resolution of pure 3TC nucleotides. Figure 2 shows a representative SPE profile of 3TC phosphates. Of note, the order of elution from the anion-exchange HPLC was 3TC, -MP, DP-choline, -DP, and -TP (Fig. 1) . The order of elution of MP and DP-choline was reversed by anion-exchange SPE (Fig. 2) . This phenomenon may be explained by the differences in analyte retention between the two types of columns.
Recovery of 3TC nucleotides. The overall recovery of 3TC nucleotides was assessed by comparing the amount of each phosphate as measured by reverse-phase HPLC-UV to that determined by direct anion-exchange HPLC-RA. Authentic replicates (n ϭ 3 to 5) of the aliquots of cell extracts obtained after exposure of human PBMCs to 5 and 10 M 3TC were analyzed either by HPLC-RA or by HPLC-UV following SPE and enzyme digestion. Data obtained by direct HPLC-RA analysis were considered to represent 100% recovery (by definition), and the overall recovery of 3TC nucleotides measured by HPLC-UV after SPE and enzyme digestion was calculated as the ratio. Results are presented in Table 1 . The recovery of 3TC nucleotides was high, ranging from 85.2 to 119.4%.
Standard curve. Due to the unavailability of some of the standard 3TC phosphates, a reference curve could not be set up for each of the nucleotides. Therefore, the amounts of all PBMCs from healthy human donors were spiked with increasing amounts of 3TC and processed the same way as the validation samples. After SPE and enzyme digestion, portions of the standard samples were analyzed by HPLC-UV. A standard curve from 1 to 100 ng (amount on column) of 3TC was routinely used. The limit of quantitation was 1 ng on the column, which was lower than the limit of quantitation of 2 ng achieved with human serum samples (29) , presumably due to the fact that less interference with endogenous substances was present in PBMCs. The ranges of 3TC phosphates observed in the validation samples were 1.3 to 20.0, 2.0 to 28.6, 2.6 to 30.0, and 1.0 to 11.0 ng for the TP, DP, MP, and DP-choline derivatives, respectively. Precision and accuracy. Assay precision (coefficient of variation) and accuracy (deviation of HPLC-UV results from those by HPLC-RA) were assessed with the validation samples at two concentrations for each derivative. Results are presented in Table 2 . Assay performance was characterized by using a coefficient of variation ranging from 0.8 to 18.1% and a deviation from Ϫ14.8 to 19.4% across the 3TC nucleotides.
Statistical analyses. Least-squares linear regression analysis was used to evaluate the correlation between the amount of 3TC phosphates obtained by HPLC-UV after SPE and that determined by direct HPLC-RA (reference method). As depicted in Fig. 3 , the two methodologies led to nearly identical FIG. 4 . Chromatographic profiles of the 3TC nucleotides present in a 2-h PBMC sample from a patient receiving 150 mg of the indicated drug orally twice a day. The HPLC chromatograms were obtained by UV detection following anion-exchange SPE and enzymatic digestion. Table 3 . For all 3TC phosphates, regression lines were characterized by a slope close to unity and an intercept near zero ascertained by t test (Table 3) . In order to confirm these results, the ratio of the paired data (HPLC-UV to HPLC-RA) for each phosphate was calculated. The latter, with a mean value ranging from 0.92 to 1.20, should be unity if the two analytical approaches give the same results. Indeed, Student's t test indicated no statistically significant difference between the mean ratio and unity for any 3TC phosphate (P ϭ 0.24 to 0.94). Application to biological samples. By using this new combined HPLC and SPE approach, levels of 3TC nucleotides were determined in the PBMCs of an HIV-infected patient on a 150-mg oral regimen of the drug twice daily as part of the ALTIPHAR study. Five blood samples were obtained up to 10 h after drug dosing, and PBMCs were isolated and processed as described above. Representative chromatograms for 3TC phosphates from the 2-h PBMC sample of this patient are shown in Fig. 4 . Measurements of these anabolite levels were 0.61 (2.65), 0.68 (2.95), 0.20 (0.85), and 0.48 (2.11) ng/10 6 cells (pmol/10 6 cells) for 3TC-TP, -DP, -MP, and -DP-choline, respectively. The intracellular time course of the active 3TC-TP in this patient is depicted in Fig. 5 . The 3TC-TP exhibited a long intracellular half-life of 15.5 h (95% confidence interval, 14.9 to 16.1 h) in that patient. The average intracellular level of 3TC-TP from the above-described kinetics was 1.33 Ϯ 0.19 ng/10 6 cells (mean Ϯ standard deviation) or 5.79 Ϯ 0.85 pmol/ 10 6 cells. Intracellular AUC 0-10 , considered as a measure of exposure, was estimated to be 13.7 ng/10 6 cells ϫ h or 59.8 pmol/10 6 cells ϫ h. In summary, an analytical methodology combining SPE and HPLC was developed and validated for the quantitation of intracellular phosphates of 3TC. While this methodology is rather complex and only measures nucleotides after anionexchange SPE and enzyme digestion indirectly, it has successfully been applied to quantitate intracellular 3TC phosphates in HIV-infected patients. This new methodology should allow the determination of intracellular pharmacokinetics of the active triphosphate and other anabolites of NRTIs, which will be critical to the establishment of a reliable pharmacokineticpharmacodynamic relationship in anti-HIV therapy and, it is hoped, to the design of optimal combination regimens involving antiviral nucleoside analogs.
